The aim of this paper is to present the formula, and its derivation, for a photoacoustic (PA) signal in the front configuration in the case when the effect of multiple reflections of light in a sample is taken into account. The formula derived in the paper was next used for theoretical investigations of the influence of multiple reflections of light on series of PA spectral characteristics.
Introduction
The formulae for the temperature of the surface of the single layer structure measured in the front configuration were derived by Rosencwaig and Gersho [1] and by Bennett and Patty in Ref. 2 . The temperature of the surface in the investi− gated cases was a function of several parameters such as the thickness of the sample, frequency of modulation, thermal conductivity, thermal diffusivity, optical absorption coeffi− cient, thermal reflection coefficients between the sample and the backing and the sample and the gas. The optical reflection coefficient between the sample and the gas was not analyzed and it is not included in the formulae. The for− mula for the PA signal for two−layer structures with the thickness of the order of tens of microns was derived by Helander and Lundstrom in Ref. 3 . The formulae for the PA signal of the sample with the transparent or absorbing coat− ing was derived by Fernelius in Ref. 4 and Mandelis et al. in Ref. 5 . The theoretical analysis of a two−layer structure was also presented by Munoz Aguirre et al. in Ref. 6 . The theory of the PA effect in multilayer semitransparent structures was described by Hu, Wang, and Xu in Refs. 7 and 8. The same or similar problem of determination of the PA signal for multilayer optical thin film systems was analyzed by Kwon, Choi, Seong, and Kim in Ref. 9 . The temperature spatial distribution in a single layer structure was analyzed by Ristowski and Dramicanin in Ref. 10 . The temperature distribution in a single layer structure, in the approximation of the low optical reflection coefficient, was also analyzed in Refs. 11 and 12. In all these example papers, the thermal diffusion equa− tion in the solid with spatially distributed heat sources was solved when multiple internal reflections of light in the sam− ple were neglected. The optical reflection coefficient of light was not considered in the papers or limited to the factor (1-R opt )T f illustrating only the reflection of light from the first, illuminated surface of the sample. This paper presents the derivation of the formulae for the PA signal of the sample when the optical reflection coeffi− cient is not neglected. Results of computations presented in the paper enable comparison of different PA characteristics obtained for different values of the optical reflection coeffi− cient. This paper gives an answer when the effect of multi− ple internal reflections of light can be and when cannot be neglected.
This issue is especially essential for thin solid semicon− ductor films of the thickness of the order of 1 μm [13] [14] [15] when they are excited below the energy gap, for small va− lues of the optical absorption coefficient, when the PA tech− nique is applied for their optical characterization. The influ− ence of internal reflections of light on the amplitude of the PA signal was first analyzed by Neumann in Ref. 16 .
Influence of internal reflection of light in a sample on photoacoustic signal in front configuration
The derivation presented below is valid when the interfe− rence effects in the sample can be neglected, i.e., when the thickness of the sample is much larger than the wavelength of the absorbed light and when the effect of diffusion of the optically generated carriers can be neglected too, i.e., their lifetime is much shorter than the period of modulation of the intensity of the illuminating beam of light. It is proved below that the PA signal in the front configuration, when the multiple reflections of light in the sample are taken into account, can be expressed in the form where P f is the PA signal in the front configuration when R = 0, P r is the PA signal in the rear configuration when R = 0, R is the internal optical reflection coefficient of light in the sample, b is the optical absorption coefficient, l is the thick− ness of the sample. For the simplicity of considerations, the thermal reflection coefficient between the sample and the gas was taken as equal to 1. When R = 0, then P f * = P f , i.e., the case when the optical reflections of light are neglected.
The P f and P r are the functions of several physical para− meters of the sample and given below in the case when the thermal reflection coefficient is equal to 1.
where
and a is the thermal diffusivity of the sample and f is the frequency of modulation of the inten− sity of the illuminating light.
The PA signal at x = 0, i.e., in the front configuration is given in the form . (4) This formula can be separated into two series 
The formula then takes the form of Eq. (1). Amplitude and phase example diagrams of the PA signal as a function of the optical absorption coefficient for several cases, illustrating the influence of the optical reflection coef− ficient on these PA spectra, are presented in figures below. Opto Comparing the presented above amplitude and phase PA spectra, computed for the thickness of the sample l = 10 μm, 100 μm, 1000 μm one can come to the conclusion that the influence of multiple reflections of light on the PA ampli− tude signal is the biggest for thin layers of the thickness of the order of tens of micrometers and small values of the optical absorption coefficient. The phase of the PA signal is then practically equal to -135 degs and does not depend on the optical reflection coefficient of light. Also the bigger the optical reflection coefficient is, the bigger is its influence on the amplitude PA characteristics. The effect of multiple reflections of light can be neglected for relatively thick sam− ples of the thickness of the order of hundreds of micro− meters when the samples are thermally thick.
Conclusions
Equation (1), derived in this paper, is important for interpre− tation of the PA signal in the microphone and mirage detec− tion for the front configuration. This formula is the tool for investigations of the influence of the effect of multiple reflections of light on the PA signal in both these detections. As a conclusion, one can state that neglecting the effect of multiple internal reflections of light, commonly practiced in the numerical interpretation of the experimental PA spectra, especially of thin layers, is not always justified. It is justified Diagrams not normalized to a saturation region. only for relatively thick samples and small values of the optical reflection coefficient. If this effect is neglected for thin samples, then the optical absorption coefficients deter− mined from the PA spectra, for the energy of absorbed pho− tons smaller than the energy gap of semiconductors, will be generally too large.
